Introduction
The breast cancer resistance protein (BCRP/ABCG2) and its murine homolog Bcrp1 belong to the ATP binding cassette (ABC) transmembrane drug transporter family. Because of the apical localization in epithelial tissues, such as the intestine, kidney, placenta and bile canalicular membrane, Bcrp1/BCRP reduces systemic and tissue uptake of its substrates, and mediates their extrusion from the body (1) . We previously demonstrated that Bcrp1 restricts the oral uptake and systemic exposure of the heterocyclic amine (HA) and dietary carcinogen 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) in mice (2) . Since BCRP has broad substrate specificity, we were interested in the relevance of BCRP activity for other carcinogens to which humans are exposed through their diet.
The HAs are mutagenic and carcinogenic compounds formed during the heating of protein-containing foods such as meat and fish. HAs can be detected in the urine of healthy volunteers on a normal diet, and exposure occurs on a daily basis (3, 4) . In this study we focused on 2-amino-3-methylimidazo [4,5-f] quinoline (IQ) and 3-amino-1,4-dimethyl-5H-pyrido [4,3-b] indole (Trp-P-1), representing two classes of HAs (IQ-type and non-IQ type, respectively) ( Figure 1 ). PhIP is the most abundant HA present in food, whereas IQ has the highest carcinogenic potency. Administration of IQ to rats increases the incidence of tumors in liver, small intestine and mammary gland, whereas Trp-P-1 increases the incidence of liver carcinomas (5) . Although HAs are present in nanogram per gram quantities in cooked meat, this exposure is often chronic. The incremental cancer risk due to dietary intake of HAs in humans in the developed world has been estimated at 1.1 Â 10 À4 (6). Another dietary carcinogen, aflatoxin B1 (Figure 1 ), is one of the most potent mycotoxins known to science and an important risk factor for the development of hepatocellular carcinoma in humans (7, 8) . Certain Aspergillus species produce aflatoxins, and infection of stored corn, grains and nuts by these fungi leads to contamination with aflatoxin, thus exposing humans to this hepatocarcinogen (8) . Epidemiological studies in parts of Africa and Asia, where high levels of exposure occur, link aflatoxin B1 exposure and hepatocellular carcinomas, and the risk is strongly synergistic with viral hepatitis (8) . Contamination of milk with dietary and environmental carcinogens is a major concern for breast-feeding mothers and dairy consumers. For instance, the carcinogen di(2-ethylhexyl) phthalate (DEHP), present in polyvinylchloride polymers as a plasticizer and widely spread in the environment, is transferred into breast milk in rats (9, 10) . The dietary carcinogen PhIP, present in a normal western diet, can be detected in the milk of healthy women (11) . Moreover, Paulsen et al. (12) demonstrated that the transfer of this HA from the lactating mother to the suckling through breast milk can induce intestinal tumors in rodent neonates. When dairy cattle eat aflatoxin B1 contaminated feeds, the hydroxylated metabolite aflatoxin M1 is transferred into the milk and milk products (8) . Aflatoxin M1 is carcinogenic for both liver and colon in rats and can be detected in the breast milk of healthy women (13, 14) .
We have shown previously that the transfer of several xenotoxins into milk can be attributed to the highly induced levels of Bcrp1/BCRP in the luminal membrane of alveoli of the mammary gland during lactation (15) . Bcrp1 is highly expressed in lactating, but not in virgin or non-lactating, mammary glands in mice and this expression pattern is conserved in cows and humans. As a result, many BCRP substrates can be secreted into breast milk. In this study we identify several potent dietary carcinogens as Bcrp1/BCRP substrates, and demonstrate their Bcrp1-mediated secretion into breast milk.
On the other hand we show that Bcrp1 also reduces the systemic exposure to these dietary carcinogens.
Materials and methods

Animals
Mice were housed and handled according to institutional guidelines complying with Dutch legislation. Animals used were Bcrp1 À/À and wild-type mice, all of 499% FVB genetic background, and between 9 and 14 weeks of age. Animals were kept in a temperature-controlled environment with a 12 h light/12 h dark cycle. They received a standard diet (AM-II, Hope Farms, Woerden, The Netherlands) and acidified water ad libitum. (16) .
Transport assay
In the transwell transport assay we used the previously described polarized pig kidney epithelial cell line LLC-PK1, human multidrug resistance protein (MDR)1 À , murine Mdr1a-and Bcrp1-transfected LLC-PK1 subclones, the polarized canine kidney cell line MDCK-II, and murine Bcrp1-, human multidrug resistance associated protein (MRP)2-and human BCRP-transduced MDCK-II subclones (2, 17) . LLC-PK1 cells and derivatives are especially suitable to study P-glycoprotein-mediated transport due to the very low endogenous porcine P-glycoprotein in these cells, whereas MDCK-II cells and derivatives are very suitable to study Bcrp1/BCRP-mediated transport due to their negligible endogenous BCRP-like transport activity (1, 2) . Transport assays and cell culture conditions were carried out as previously described (2 À/À females with $10-day-old pups were used. Radiolabeled compounds (1 mg/kg) were i.v. administered together with a subcutaneous administration of oxytocin (200 ml of a 1 IU/ml solution) to stimulate milk secretion. After 30 min, milk samples were collected bilaterally from all five (thoracic and inguinal) mammary glands by gentle vacuum suction, and blood samples were taken by cardiac puncture under anesthesia with methoxyflurane. Levels of radioactivity in plasma, tissue homogenates, feces and milk were determined by liquid scintillation counting.
Pharmacokinetic calculations and statistical analysis
All values are given as average AE standard deviation (SD), unless indicated otherwise. AUC from time ¼ 0 to the last sampling point was calculated by the linear trapezoidal rule, and standard errors (SE) are indicated. A two-tailed unpaired Student's t-test was used to assess the significance of difference between two sets of data. Differences were considered to be statistically significant when P 5 0.05.
Results
In vitro transport of aflatoxin B1, IQ and Trp-P-1 by Bcrp1 and BCRP To assess whether Bcrp1/BCRP is involved in the transport of aflatoxin B1, IQ, Trp-P-1 and DEHP in vitro, we used the polarized canine kidney cell line MDCK-II and its subclones transduced with murine Bcrp1 or human BCRP cDNAs. The cell lines were grown to confluent polarized monolayers on porous membrane filters, and vectorial transport of In the MDCK-II parental cell line, apically and basolaterally directed translocation of [ 3 H]aflatoxin B1 (2 mM) were similar ( Figure 2A ) and this was also the case for the MRP2-transduced MDCK-II subclone (data not shown). In the Bcrp1-transduced MDCK-II cell line, apically directed translocation was highly increased and basolaterally directed translocation drastically decreased ( Figure 2B ). Although human BCRP is comparatively poorly expressed in the BCRP-transduced MDCK-II cell line, the results with this cell-line showed a qualitatively similar picture as in Bcrp1-transduced MDCK-II cells ( Figure 2D ). This transport by Bcrp1 and BCRP was completely inhibited by Ko143, a selective Bcrp1 inhibitor (16) , and by the Bcrp1 and P-gp inhibitor GF120918 To À/À and wild-type mice, and measured plasma radioactivity levels after 30 min (Figure 3 ). There was a 1. À/À mice compared with the wild-type after oral administration, and 1.8-and 2.2-fold increases after i.v. administration (Figure 3) . At a dose of 1 mg/kg [ 14 C]IQ, the AUC 7.5-30 for i.v. administration was 1.8-fold higher in Bcrp1 À/À compared with wild-type mice, further supporting that Bcrp1 activity substantially decreases the systemic exposure of its substrates 
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(278 AE 8.2 versus 155 AE 5.0 h·ng/ml, P 5 0.01; Figure 4) À/À and wild-type mice were qualitatively similar. There was a relatively high accumulation of radioactivity in liver, kidney and small intestine for both genotypes (Table I) . Despite higher plasma levels of [ 14 C]IQ in Bcrp1 À/À mice, for both time points radioactivity levels in liver between wild-type and Bcrp1
À/À mice were similar (data not shown and Table I ). In contrast to the liver, the percentage of the dose of [ 14 C]IQ retrieved from the content of small intestine after 30 min was 2.2-fold higher in wild-type compared with Bcrp1 À/À mice (29.0 AE 2.7 versus 13.3 AE 2.6%, P 5 0.001), indicating Bcrp1-mediated hepatobiliary and possibly direct intestinal transport of [ 14 C]IQ into the lumen of this organ ( Figure 5 ).
Radioactivity measured in kidneys of Bcrp1
À/À mice 30 min after administration was 3.0-fold higher compared with wildtype mice (Table I) , a significant increase even when corrected for the higher plasma levels (8.96 AE 0.80 versus 5.48 AE 0.57 tissue/plasma ratio, P 5 0.001), indicating a role for Results are expressed as average 14 C concentrations (ng-equivalent/g or ml) AE SD (n ¼ 4;
Ã P 5 0.05; ÃÃ P 5 0.01; ÃÃÃ P 5 0.001). Xenotoxin and carcinogen accumulation in breast milk and dairy products is a major public health concern. During lactation, Bcrp1/BCRP is expressed in the mammary gland (15) . We investigated the consequences of this expression for the transfer to breast milk of IQ, Trp-P-1, aflatoxin B1 and DEHP circulating in the blood of the mother. We administered 
Discussion
In this study, we demonstrate that the dietary carcinogens IQ, Trp-P-1 and aflatoxin B1 are transported substrates of murine Bcrp1. Bcrp1 knockout mouse studies show that this transport can restrict the systemic exposure to these carcinogens, indicating a protective role for Bcrp1. Paradoxically, we also found that [
14 C]IQ, [ 14 C]Trp-P-1 and [ 3 H]aflatoxin B1 are all secreted into milk by Bcrp1. HAs and aflatoxins can be found in human milk and milk transfer of HAs has been shown to cause intestinal tumors in rodent neonates (11, 12, 14) . Because milk is the sole food for young mammals and an often important constituent of the human diet long after weaning, Bcrp1/BCRP-mediated transfer of carcinogens into the milk poses a health risk to breast-fed infants and dairy consumers. Bcrp1/BCRP thus appears to have both protective and adverse roles with respect to exposure to dietary carcinogens.
Because of its broad substrate specificity and strategic tissue distribution, a main function of BCRP is protection of the body against harmful xenotoxins (1,2,18,19); we previously described that Bcrp1 restricts the exposure of the HA carcinogen PhIP in mice (2) . In this study, we show that in addition to PhIP two other HAs and the human hepatocarcinogen aflatoxin B1 are substrates of Bcrp1. We demonstrate lower plasma levels in wild-type compared with Bcrp1 À/À mice after i.v. and oral administration of aflatoxin B1, as well as IQ and Trp-P-1. This indicates that also for these newly identified and structurally diverse substrates, representing two different classes of dietary carcinogens, Bcrp1 has a protective role in limiting their systemic exposure. Inhibition of BCRP by drug intake, as well as the existence of BCRP polymorphisms, can cause inter-and intraindividual variation in BCRP activity (20, 21) . Possibly, induction and stimulation of BCRP by food and drug intake may also occur. We recently found that hepatic Bcrp1 expression is gender dependent in mice and humans (22) . Therefore, systemic exposure to HAs and aflatoxins in humans, and thus overall susceptibility to these carcinogens, may well be affected by inter-and intraindividual differences in BCRP activity.
In addition, Bcrp1 is highly expressed in stem cells in a range of different tissues (23, 24) . In our transwell transport experiments we demonstrate that intracellular concentrations of aflatoxin B1, IQ and Trp-P-1 were markedly decreased when Bcrp1 was over-expressed in cells. Bcrp1 might thus well be able to directly limit exposure of stem cells to these dietary carcinogens in vivo. Given their extensive proliferative capacity, stem cells could be an important target for initial carcinogenic events. Bcrp1 might thus reduce the susceptibility to carcinogens at both systemic and (stem) cell level.
In van Herwaarden et al. (2) À/À mice 30 and 60 min after administration, respectively. It should be noted though that despite the observation that overall radioactivity in liver (including the biliary tree) between wild-type and Bcrp1
À/À mice did not differ, Bcrp1 activity may still decrease intracellular carcinogen concentrations in hepatocytes. While the hepatic expression of Bcrp1 clearly contributes to decrease of systemic exposure to substrate carcinogens such as IQ, Trp-P-1 and aflatoxin B1, effects on the liver itself appear to be complex.
While for both aflatoxin B1 and IQ, transport by both murine Bcrp1 and human BCRP is evident, we have not been able to convincingly show transport of Trp-P-1 by human BCRP in our transwell assay, in contrast to its transport by murine Bcrp1. We note that also transport of aflatoxin B1 and IQ is more pronounced in the Bcrp1-transduced cells compared with the BCRP-transduced cells. This might be the result of differences in substrate specificity/affinity between the murine and human homologues, but it might also arise from a relatively lower expression of the human BCRP construct compared with Secretion of carcinogens into milk by Bcrp1/Abcg2 such as topotecan, mitoxantrone, pheophorbide a and PhIP are all transported by both human BCRP and murine Bcrp1, suggesting a strongly conserved substrate spectrum. However, detailed differences in transport kinetics and/or substrate affinity are yet unexplored.
Until recently, transfer of xenotoxins into the breast milk has been considered to be the result of physicochemical properties of the excreted compound such as ionization, molecular weight, lipophilicity and plasma protein binding, and also carrier-mediated transport (27) . In this study we demonstrate that in addition to the factors mentioned above, the presence of an apically located ATP-dependent transporter can be an important factor in the transfer of carcinogens into the milk. We convincingly demonstrated this for the dietary carcinogens [ 14 (10) . However, this secretion into the milk is apparently not mediated by the presence of Bcrp1 in the mammary gland. Furthermore, the milk to plasma ratio for DEHP that we found in wild-type mice is comparatively low (Figure 6 ), which is not indicative of a pronounced concentration of this compound in mouse milk.
We note that the carcinogen doses used in this study are high, $20-fold higher than incidental human exposure to aflatoxin B1 and 10 000-fold higher than chronic daily human exposure to HAs (6, 8, 28) . However, the main aim of this study is to elucidate principles of the influence of BCRP/Bcrp1 on carcinogen pharmacokinetics, such as its role in milk secretion. As always, extrapolation of these preclinical data to the human situation should be done with caution.
We have previously shown that BCRP is highly expressed in the lactating mammary gland in mice, cows and humans, and mediates xenotoxin transfer into the milk (15) . We demonstrate in this study that as a consequence there is a Bcrp1-mediated transfer of the dietary carcinogens 14 C]Trp-P-1 from the mother to the vulnerable suckling infant via the milk. This makes it difficult to reconcile with a protective role of BCRP. It may be that under normal circumstances Bcrp1/BCRP in the intestine, liver and kidney is sufficiently efficient to keep dietary levels of these contaminants virtually completely out of the maternal circulation, thus limiting the risk of their accumulation in milk. However, several studies demonstrate the presence of HAs and aflatoxins in human breast milk and dairy products of cattle (11, 14, 29) . Transfer of these dietary carcinogens by BCRP into milk may therefore still have relevant adverse consequences for exposure of newborns.
